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In order to understand the so-called decoupling solution for gluon and ghost propagators in QCD, 
we give a nonperturbative construction of a massive vector field describing a non-Abelian massive 
spin-one particle, which has the correct physical degrees of freedom and is invariant under a modified 
BRST transformation, in a massive Yang-Mills model without the Higgs field, i.e., the Curci-Ferrari 
model. The resulting non-Abelian massive vector boson field is written using a nonlinear but local 
transformation from the original fields in the Curci-Ferrari model. As an application, we write 
down a local mass term for the Yang-Mills field and a dimension-two condensate, which are exactly 
invariant under the modified BRST transformation, Lorentz transformation and color rotation. 
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I. INTRODUCTION 

In this paper we consider a massive Yang-Mills the- 
ory [l[ without the Higgs field Q. A motivation of this 
research stems from some non-perturbative phenomena 
caused by strong interactions. 

• Confinement and Green functions: The deep in- 
frared behaviors of the gluon and ghost Green func- 
tions are believed to be intimately connected to 
color confinement in QCD 0, H. In the Landau 
gauge, the decoupling solution Q for the gluon and 
ghost propagators is currently supported rather 
than the scaling solution Q by recent numerical 
simulations on large lattices in three and four space- 
time dimensions [7(. Quite recently, it has been 
shown that the decoupling solution for the gluon 
and ghost propagators can be well reproduced from 
a low-energy effective model of a massive Yang- 
Mills theory, which is a special case of the Curci- 
Ferrari (CF) model @. This feature is not re- 
stricted to the Landau gauge and is common to 
manifestly Lorentz covariant gauges, e.g., the max- 
imal Abeli an g auge [loj , as pointed out and demon- 



strated in [ll(. We can ask how color confinement 



in QCD is understood from the CF model. 

• Glueball mass spectrum: Glueball should be con- 
structed from the fundamental degrees of freedom 
of QCD, i.e., quark, gluon and ghost. For instance, 
the potential model of [l2j identifies glueballs with 
bound states of massive gluons. They are described 
simply by introducing a naive mass term for glu- 
ons, tjM 2 ^ which however breaks the BRST 
symmetry. We ask how we can introduce a BRST- 
invariant mass term for gluons to establish a firm 
field theoretical foundation for treating glueballs, 
which will enable us to answer how precisely the 
mass and spin of the resulting glueballs are related 
to those of the constituent gluons. 

• Vacuum condensates: Besides gauge-invariant vac- 
uum condensates represented by {4>ip} with mass 



dimension-three and {&av) with mass dimension- 
four, which are very important to characterize the 
non-perturbative vacuum of QCD, there might ex- 
ist an extra dimension- two condensate. In fact, 
such a lower dimensional vacuum condensate is 
needed from the phenomenological point of view. 
However, such a condensate cannot be constructed 
from gauge-invariant local composite operators in 
the framework of the local field theory. A BRST- 
invariant vacuum condensate of mass dimension- 
two has been constructed in [H, HI]- However, it 
is just on-shell BRST invariant. Can we construct 
an off-shell BRST invariant version of vacuum con- 
densate of mass dimension-two? 

Another motivation of studying the CF model comes 
from the field theoretical interest, since the massive 
Yang-Mills theory without the Higgs field has an unsatis- 
factory aspect as a quantum field theory. The renormal- 
izability (l5l fioj ] is an important criterion for a quantum 
field theory to be a calculable and predictable theory. 
In addition, the physical unitarity [15l425| is another im- 
portant criterion for a quantum theory of gauge fields to 
be a meaning theory, which prevents unphysical particles 
from being observed. 

In view of this, we remind the readers of the well-known 
facts: 

• The massless Yang-Mills theory satisfies both the 
renormalizability and the physical unitarity [l5j . 

• The massive Yang-Mills theory in which local gauge 
invariance is spontaneously broken by the Higgs 
field and the gauge field acquires the mass through 
the Higgs mechanism satisfies both the renormaliz- 
ability and the physical unitarity (l6| . 

In fact, the unified theory of Glashow-Weinberg-Salam 
for the electromagnetic and weak interactions based 
on the spontaneous symmetry breaking: SU(2)l x 
U(1)y — > U(1)em predicted the massive gauge bosons 
W + ,W~,Z° which have been discovered in the mid 
1980s, and the remaining Higgs particle is about to be 
discovered. 
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However, in all the models proposed so far as the mas- 
sive Yang-Mills theory without the Higgs fields (in which 
the local gauge symmetry is not spontaneously broken), 
it seems that the renormalizability and the physical uni- 
tarity are not compatible with each other. See [13, [HI 
for reviews and [26[ for later developments. Indeed, the 
CF model has been shown to be renormalizable [2(| [22j , 
whereas the CF model does not seem to satisfy the phys- 
ical unitarity according to [20M22I ] . Although the CF 
model is not invariant under the usual BRST transfor- 
mation, it can be made invariant by modifying the BRST 
transformation. But, the modified BRST transformation 
is not nilpotent. 

It is known that the nilpotency is the key property to 
show the physical unitarity in the usual massless Yang- 
Mills theory, since the unphysical states form the BRST 
quartets and the cancellations occur among the quartets 
(Kugo-Ojima quartet mechanism) Q. It is not so clear 
if the nilpotency is necessary to recover the physical uni- 
tarity in the massive case. The physical unitarity of the 
CF model will be discussed in the perturbative and a 
non-perturbative framework in forthcoming papers [27| . 

Finally, it is instructive to mention the Gribov- 
Zwanziger (GZ) model [28[ and its modified version called 
the refined Gribov-Zwanziger (rGZ) model (2i|, in com- 
parison with the CF model, since GZ and rGZ have been 
extensively studied in recent years to understand the 
scaling solution and the decoupling solution respectively. 
Common features to both models are as follows. 

• Both models have a dimensionful parameter to be 
determined afterwards, i.e., the "mass" parameter 
M in the CF model and the Gribov parameter 7 in 
the rGZ model. 

• Both models are multiplicatively renormalizable to 
all orders of perturbation theory. 

• Both models do not respect the BRST symmetry: 
The Lagrangian is not invariant under the BRST 
transformation. 

• Both models do not have the proof of fulfilling phys- 
ical unitarity. 

An advantage of the CF model to the rGZ model is 
that the CF model is much simpler than the rGZ model 
in the following sense. 

• The CF model has the same field contents as those 
in the original Yang-Mills theory, while the rGZ 
model has additional unfamiliar fields introduced 
to rewrite the original non-local GZ model into a 
local field theory. 

• The CF model can explain the decoupling solu- 
tion using one parameter M, while the rGZ model 
needs one more parameter which is related to the 
dimension-two condensate of the extra field (called 
the Zwanziger ghost), which is a non-local quantity 
in the original theory. 



• The CF model has the modified BRST symmetry 
which remains a local symmetry and reduces to 
the usual BRST symmetry in the limit M — > 0, 
while the GZ model has differently modified BRST 
symmetries which become inevitably non-local (30l . 



This paper is organized as follows. In section II, we 
obtain the modified BRST and anti-BRST transforma- 
tion for the CF model. Although the result was already 
known in the CF paper Q , we give a constructive deriva- 
tion of the modified BRST transformation to see how 
the resulting modification of the BRST transformation 
is unique under certain conditions. 

In section III, using the fact that the CF model respects 
color symmetry, we rewrite the field equation of the Yang- 
Mills field in the Maxwell-like form. This is an important 
technical tool needed in the next section to construct the 
massive vector field. 

In section IV, we construct a non-Abelian massive vec- 
tor field describing a massive spin-one particle, which has 
the correct physical degrees of freedom and is invariant 
under a modified BRST transformation, from the Curci- 
Ferrari model without the Higgs field. The resulting mas- 
sive vector boson field is written using a nonlinear but 
local transformation from the original fields in the Curci- 
Ferrari model. This is the main result. As an application, 
we write down the mass term for the Yang-Mills field 
and a dimension-two condensate, which are invariant si- 
multaneously under the modified BRST transformation, 
Lorentz transformation and color rotation. 

In Appendix A, we give a proof that the path- 
integration measure is invariant under the modified 
BRST transformation. In Appendix B, we show that 
even the modified BRST (anti anti-BRST) invariant 
quantity depends on a parameter ft in the M 7^ case. 
This should be compared with the M — case, in which 
ft is a gauge-fixing parameter and the BRST-invariant 
quantity does not depend on ft, which means that the 
physics does not depend on ft in the M = case. This is 
not the case for M 7^ 0. 



II. THE CURCI-FERRARI MODEL AND THE 
MODIFIED BRST SYMMETRY 



As a candidate of the massive Yang-Mills theory with- 
out the Higgs field, we start from the Lagrangian density 
of the usual massless Yang-Mills theory in the most gen- 
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eral Lorentz gauge [32| plus the "mass term" Jz? m : 



YM 
1 



GF+FP 



^mYM 

— 7&HU ■ 

-^GF+FP 



(la) 



■ JY + Jf ■ - ^g,yK ■ (flf x if) 



/3 2 
4 5 



x "if) • (iff x 



Of — 



i 

2 



(lb) 
(lc) 



where /3 is a parameter corresponding to a gauge-fixing 
parameter in the M — > limit, is the covariant 

derivative defined by 



:= d^uj(x) + gs/{x) x w(x), 



and =yf is defined by 
:= 



-<yf + qVtf x 



(2) 



(3) 



Here the total Lagrangian density is written in terms of 
the Yang-Mills field s/^, the Faddeev- Popov (FP) ghost 
field antighost field ^ and the Nakanishi-Lautrup 
(NL) field yy, if we use the terminology in the usual 
massless Yang-Mills theory. This is the Curci-Ferrari 
(CF) model [9j. In the Abelian limit with vanishing 
structure constants f ABC = 0, the FP ghosts decouple 
and the CF model reduces to the Nakanishi model |33j |. 

The original Yang-Mills Lagrangian JzfyM is invariant 
under the gauge transformation: 



5^{x) = %[£/}uj{x). 



(4) 



We remember that Jz?ym+.5?gf+fp is constructed so as to 
be invariant under both the usual BRST transformation: 



'S^(x) = %[s^]^{x) 
8^{x) = -fi{x) x tf(x) 
8<tf\x) = iJY(x) 
8JV{x) = Q 

and anti-BRST transformation: 

{8^{x) = %[£/}tf(x) 
8tf(x) = -§*f(x) x <#(x) 
W{x) = i,yV(x) 
8jT{x) = 



(5) 



(6) 



1 We can add a term ^,jV -jV with another gauge fixing parameter 



Indeed, it is checked that both JzfyM and Jz?gf+fp are 
invariant under the BRST and anti-BRST transforma- 
tions: 



— 0, ^-S^gf+fp — 0, 

8Jz?YM — 0, <5Jz?GF+FP = 0. 



(7) 

(8) 



We try to introduce a mass term Jzf m so that the total 
Lagrangian J^ym remains invariant under the BRST 
transformation. However, we will find that the total La- 
grangian is no longer invariant under the usual BRST 
transformation, once the "mass term" Jzf m is introduced 
into the Yang-Mills theory. Indeed, we observe for a spe- 
cific choice j3 — 0: 



8&„. 



M z d^ ■ ftp ^ 0, 



(9) 



where we have used (^ x s^^) A = g^ v {s^^ x stf u ) A = 

In what follows, therefore, we consider if the total La- 
grangian can be made invariant by modifying the BRST 
transformation. For this purpose, we reexamine the 
BRST invariance of the GF+FP term, and we try to 
find such a modified BRST transformation 8' . 

Suppose that the modified BRST transformation 8' of 
si a has the same form as the usual BRST transformation: 



8'^(x) = %[^}<tf(x) 



(10) 



to guarantee the invariance of the original Yang-Mills 
action: 



YM 



0. 



In order to realize S 1 '-S^ym = 0' we require 



— £'(J2?GF+FP + -£?m)- 



(11) 



(12) 



Here we cannot require the invariance of the respective 
part, Jz?gf+fp or Jz? m , since we observe below that the 
choice (|10[) inevitably leads to <5'Jz? m ^ 0, which means 
(5'ifGF+FP ^ to guarantee ^'i*™ = 0. 

First, we consider the /3 = case for simplicity. Then 
we have 



«'jS?gf+fp =8'{,yV ■ Ws/p + iff ■ B»% 
=8',yy ■d^^ + .yy -8"% 



(13) 



i«V ■ \sf\<€ - itf ■ 8^8' 8' 



while 



8'% m = M 2 d^ • ^ = ~M 2c € ■ d"^ jt 0. (14) 

In order to determine the modified BRST transforma- 
tion for other fields, we perform: 



<5'(-^GF+FP + -§?m) 

--[8'jV - MV) • 0".^ + (JV + i8 ,c i) ■ d»% 
- iV ■ d^%[£/}(8'^ + |<«f x if), 



(15) 
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where we have used: 

6'8'*n = 8'{%%) 

= 8'(d„ e tf + gjrf fl x V) 

= %8'<£ + x + x 

= % [<*V + |(*f x V) . (16) 

The requirement (|12|) is satisfied, if we adopt 
8'.jV = M 2c i, S' c £=iJ^, S'V = ~{Vx'tf). (17) 

Thus we have found a modified BRST transformation: 



8'^{x) = -fSf(af) x V(x), 
8 ,c i{x) = L/K(x), 



(18) 



which deforms the BRST transformation of the NL field 
and reduces to the usual BRST transformation in the 
limit M — > 0. It should be remarked that 



8'5£ m + 0, S'J? GF+FP ? 0. 



(19) 



Similarly, the total action is shown to be invariant un- 
der a modified anti-BRST transformation 8' defined by 



'8'srf tl {x)=%[srfY£{x) 1 
8'<e{x) = -fSf(a:) x ^(x), 
8"t?(x) = iJ?{x), 
S'JK(x) = -M 2 tf(x), 



(20) 



which reduces to the usual anti-BRST transformation in 
the limit M — > 0. It is sometimes useful to give another 
form: 



8'Jf{x) =gJf{x) x V{x) - M 2 tf(x), 
8'j¥(x) =g^V{x) x tf(x) + M 2c i{x). 



(21) 



However, the modified BRST transformation violates 
the nilpotency: 

'8'8'nt^x) = 0, 
8'8"#(x) = 0, 

S'8'tf(x) = i8',jV{x) = iM 2 ^{x) ^ 0, 
8'8'jr{x) = M 2 8'tf(x) = -M 2 ^(x) x V(x) ^ 0. 

(22) 

The nilpotency is violated also for the modified anti- 
BRST transformation: 

'S'8'^(x) = 0, 
S'8"€{x) = 0, 

8'8'tf(x) = i5'JK(x) = ~iM 2c i(x) ^ 0, 
8'8'j¥{x) = -M 2 8 lc i(x) = M 2 ^(x) x V(x). 



(23) 



In the limit M -t 0, the modified BRST and anti- 
BRST transformations reduce to the usual BRST and 
anti-BRST transformations and become nilpotent. 

Moreover, it is checked that the modified BRST 
and modified anti-BRST transformations no longer anti- 
commute in the M ^ case: 



{8',8'}^(x) = 0, 
{8\ 5'}f(x) = -iM 2c €{x), 
{8',8'}tf(x) = iM 2 tf(x), 
{{8',8'}^(x) = 0. 



(24) 



In the limit M — > 0, the anticommutativity is recovered, 
{S',8'}^0. 

Next, we consider the (3 ^ case. By using the modi- 
fied BRST transformation, Jz?qf+fp is rewritten as 



GF+FP 



= -s 

= -8' 



iff • ( + --JV 



P 



P 



x 



gi c € x c € 



flf . -8'jY 
2 



= -8' 

P 



P 



P 



V€ ■ + -JV - -gilZ x c i 



M 2 ¥£ ■ 



=i8'8' ( -st» -£^n + -i 



P-c 

" T 2 f 



2 



(25) 



Using the fact that only the transformation of the NL 
field 8'jV is modified in the modified BRST transforma- 
tion, we find 

(5'j??GF+FP 

= 8'Jf ■ d"^ + P8'jV ■ jV - 9 -P8'.jV ■ [iV x <#) 
= M 2c <g ■ 9^ + fiM 2c € ■ ,jV - -PM 2c € ■ (Vi x <£) 



M 2c € ■ 9^ + (3M 2 
-M 2 8' ■ ^ 



- l3M 2 8'(i c i '-If). 



(26) 



Therefore, a simple choice of the /3-dependent mass term 
«if m satisfying <5'(JzfcF+FP + J*? m ) = is indeed given by 

-S?m = \m 2 ^ ■ ^ + f3M 2 itf ■ <tf. (27) 

Moreover, the path-integral integration measure 
is invariant under the modified BRST 
transformation. Indeed, it is shown in Appendix that 
the Jacobian associated to the change of integration 
variables -t $'(x) = $(x) + \8'$(x) for the 

integration measure is equal to one. 
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III. FIELD EQUATIONS AND COLOR 
SYMMETRY 

The field equations are obtained as follows. 



+ M 2 ^ + gJ^ = 0, 



scetot a 

-— - =d» - ^-gJ? xtf + 8M 2 tf = 0, 

to & 2 

— — = - %\sf\i& le e - ^g-yV x iff - 8M 2 i<tf = 0, 

(28) 

where we have used the left derivative and defined the 
matter current J M by 



• I _i 9-S? ma ttcr -rmA - 



dsrf» A 



= -i(T» 



d{d*p a y 



(29) 



We observe that the total Lagrangian of the CF model 
is invariant under the (infinitesimal) global gauge 
transformation or color rotation defined by 

5®(x) := [e c iQ c , <f>{x)} = e x $(x), (30) 

for $ = ,0^, t /K,<*f, < *f, 
Sif(x) := [e c iQ c ,tp(x)\ = -ieip{x), (31) 

or 

5$ A (x) = f ABC s B $ c (x), 

5<p a {x) = -ie A {T A ) a \ b {x) = -is A (T\) a . (32) 

The associated conserved Noether current is ob- 
tained from 



color 



9 * +**-J^ + *f- ** 



d{d ll s^ v 



+ 5JV ■ 



Sip ■ 



d{d^) * d(d&) 

=(e x sf v ) ■ + (e x <&) • 

+ (e x <#) • {-i^\sf\^) + (ex<sV)- (-s/") + J" ■ e 
=e • « x JF"") + e • (V x id»<£) - e ■ (tff x 

+ e ■ x jV) + e ■ J". (33) 

Thus the Noether current associated with the color 
symmetry which is conserved dn^^oioi ~ ® 1S & ven by 
an 

cr color 

=stf v x + tfx id^tf - Vi x 9^\s^Y€ + x JV 

=stf v x + id^ x <*f - ®» {sPfg x i<€ + si* x JV 
+ J". (34) 



The conserved Noether charge Q A := J d 3 xJ^^ A ob- 
tained from the color current ^^ oiol is called the color 
charge and is equal to the generator of the color rota- 
tion. Note that ^£ \ 0T has the same expression as the 
massless case, irrespective of M = or M ^ 0. 
Remember that 

= S'id^+g^ x 

= -d»<yV + g%[£f]tf x Vg - gsrf^ x JY , (35) 

which has the same form for M — and M/0. There- 
fore, we have 

ix^-d^yy + gid^xtf + gJ". (36) 



Using this result, we find that the equation of motion for 
sfp is cast into the Maxwell-like form: 

+ ffXoior + iS'S'*/" + AfV = 0. (37) 



IV. DEFINING A MASSIVE YANG-MILLS 
FIELD 

We require the following properties to construct a non- 
Abelian massive spin-one vector boson field J^(x) in a 
non-perturbative way: 

(i) J^j has the modified BRST-invariance (off mass 
shell): 



<5'jr M = o. 



(ii) is divergenceless (on mass shell): 



9"J^ = 0. 



(38) 



(39) 



(iii) obeys the adjoint transformation under the 
color rotation: 

J^(z) -»• UJfT^U- 1 , U = exp[ie A Q A ], (40) 
which has the infinitesimal version: 

SJf^x) = e x JT^x). (41) 

The field J^u is identified with the non-Abelian version of 
the physical massive vector field with spin one, as assured 
by the above properties. Here (i) guarantees that Jf^ be- 
long to the physical field creating a physical state with 
positive norm, (ii) guarantees that Jf^ have the correct 
degrees of freedom as a massive spin-one particle, i.e., 
three in the four-dimensional spacetime, i.e., two trans- 
verse and one longitudinal modes, excluding one scalar 
mode, (iii) guarantees that obey the same transfor- 
mation rule as that of the original gauge field srf^ . 
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We find such a field J?^ is obtained by a nonlinear but 
local transformation from the original fields ^ 
and =yf of the CF model: 

- Ar 2 d^ - gM~ 2 ^ x J/ 
+ gM- 2 d^ x i c i + g 2 M- 2 {^ x x 

(42) 

In the Abelian limit or the lowest order of the coupling 
constant <?, reduces to the Proca field for massive 
vector: 



The new field is converted to a simple form: 



(43) 



^(x) = ^(z) + j^iS'S'^(x). (44) 
In fact, the definition (|44|) for is equal to (|42|) : 



M 2 



S'id^+g^ x <#) 



= sip + j^(id^ + g%[^}^ x c i + ^ x wf) 



(45) 



The above properties required for the field Jtf^ arc 
checked as follows. 



where we have used the left derivative and defined 
the matter current J M by 



<T A ip) a 



0jSf* 



d{d»<p a y 



(48) 



The Noether current associated with color symme- 
try, which is conserved in the sense d^^f^^ = 0, 
is given by 

f color =^ X ^ + X ^ - ^WY^ X i"i 

+ £/»X.JS + J». (49) 

Using this result, the equation of motion for srf^ is 
cast into the Maxwell-like form: 



d v ^ V11 + ffAoior + iS'S'sf" + M V = 0. 
This indeed leads to 



(50) 



1 

M 2 ' 



color \ 



zL(d»d»^+gd»Jf°° l n=0, 



M 2 

where we have used d it d v & vlL 
and d» /,? olor = 0. 



(51) 

d^J? = 



(iii) This is trivial from the Lie-algebra form: 



M 2 



(52) 



(i) This is because 

= 8'^ + ^S'S'(d^+g^ x #) 

= 8'^ + -^S'^S'tf + gS'^ xtf + g^x 8"£) 

= + (d fl 8' 2c i + gS' 2 ^ x <£ - g8' ^ x 

'2r 



+ gd'^ x <5V + 3^ x 5 V) 



'2 



^ = 0, 



where we have used 8' sd^ — 2/ 
S' 2( i = iM 2 tf, and 8'^ = 

(ii) The field equation is obtained: 

£ «>tot 

+ MV M + ,gJ M = 0, 



(46) 

8' 2 ^ u = 0, 



(47) 



As an immediate application of the above result, we 
can construct a mass term which is invariant simultane- 
ously under the modified BRST transformation, Lorentz 
transformation and color rotation: 



^M 2 ,^(x)-,^{x). 



(53) 



This can be useful as a regularizations scheme for avoid- 
ing infrared divergences in non-Abelian gauge theories. 
Moreover, we can obtain a dimension-two condensate 
which is modified BRST invariant, Lorentz-invariant and 
color-singlet: 



(54) 



This dimension-two condensate is off-shell (modified) 
BRST invariant and should be compared with the 
dimension- two condensate proposed in [TH, [l4j : 



<-^(x) ■ ^(x) + F&(x) ■ V(x)), (55) 



which is only on-shell BRST invariant. 



7 



The original CF Lagrangian £%$ M [^, ^, ^, Jf\ is 
written in terms of stf^,^, ^ and ,yV . The new theory 
is specified by Jzf^yMp^, "tf, JY\ written in terms of 
J^,, ^, ^ and ^/K with the symmetry: 



'S'Jtr^x) = 
5"«f (a:) : 

5 ,c £{x) = i,yV{x) 
8'Jf(x) = M 2 <€{x) 



%<g{x) x <*f(x) 



(56) 



The proposed model opens a path of resolving the long- 
standing problem of reconciling physical unitarity with 
renormalizability without Higgs fields. The physical uni- 
tarity of the CF model will be discussed in forthcoming 
papers [27j | . 
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Appendix A: Invariance of the path-integration 
measure 



In the massive Yang-Mills theory, the path-integral in- 
tegration measure defined by 



= II d£/^(x)'[[d^ A (x)Y[d^ A (x)Y[d.yr A (x) 

(Al) 



x 1 fi 1 A 



x,A 



x,A 



x,A 



is invariant under the modified BRST transformation. 
This fact is shown as follows. For the change of inte- 
gration variables -> &'(x) = + \8'<&(x), the 
integration measure is transformed as 



5rf A (x) 



J =Dct 



8.^ A (x) 


8^ A (x) 


8^ A (x) 


s^ B (y) 


S^ B (y) 


S.yV B (y) 


8^' A (x) 


8<tf' A (x) 


S<#' A (x) 


SV B (y) 


SV B (y) 


8J/ B {y) 


S^ A (x) 


8<<g' A (x) 


S<i' A (x) 


S^ B (y) 
S.y A {x) 


5<g B (y) 
&.jY' a (x) 


&.J/ B {y) 
S.y A (x) 



S^ B (y) 
8<g A (x) 
WW 

s<g A (x) 
s< B (y) 

&.y A (x) 

S^ B (y) S e <g B (y) SV B (y) &-^ B {y) 



(A2) 



The Jacobian J is calculated as 

~6^(6 AB + \gf ABC ^ c ) A^ S K] 



J =Det 





\M 2 S AB 
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MS AB 





Sab 



x5 D (x-y) 

~Su. v (S AB + Xgf ABC V c ) ^ AB W\ 

5 AB -Xgf ABC tf c 



=Det 
x5 D (x-y) 
+ (AM 2 ) ■ Det 



S^(8 AB + Xgf ABC V c ) 


S AB \iS AB 



xS D (x-y) 
=Det[<5 M ^ D (x - y)(5 AB + Xgf ABC V c )} 

xT>et[S D (x-y)(5 AB - Xgf ABC V c )] 
=1. 

Appendix B: /3 dependence 

We have shown that Jz*gf+fp is written as 



(A3) 



^gf+fp =iS'8' [ ■ < + Lv- 



while 

Thus, we have 



M 2 ^ ■ srf* + $M 2 ¥€ ■ 



^-M 2 i^ ■ tf, 
2 

(Bl) 



(B2) 



^GF+FP + -Sfm =i#S r*f M ■ K + ■ ? 



1 



" ' 2' 
1 



+ -M 2 itf ■<£ + ^M 2 ^- st*. (B3) 

Let W be the generating functional of the connected 
Green functions defined from the vacuum functional Z[J] 
with the source J for an operator as a functional of <3>: 

e iW[J] ._ z jj] . = J ^VrfVrfV^V 

x exp jiS^ YM + i J d D xJ{x) ■ &{x)\ 



(B4) 



Then the average of the operator & is obtained from 



SJ(x 



■W[J] 



1 8 



j=o i 5J{x) 



\nZ[J] 



j=o 



(B5) 



First, we consider the derivative of W with respect to 
/3 given by 

dW[J] = 1 din Z[J] = 1 x dZ[J] = / dSj? YM \ 
df3 i d/3 i 3(3 \ d/3 If 

(B6) 



8 



where 

n Ctot 

uo mYM _ j jD, 

df3 



iS'S' 



If we adopt the modified Kugo-Ojima subsidiary con- 
dition or the modified BRST invariance of the vacuum: 



'BRST 



|0> = 0, 



(B8) 



we find the (3 dependence of W[J]: 



= / d D x l -M 2 (i<£{x) ■ <${x))j ± (B9) 

Therefore, for M ^ 0, W[J] depends on the parameter 
/3. This result should be compared with the M = case, 
in which j3 is a gauge fixing parameter and hence W[J] 
should not depend on /3. In the M — case, any choice 
of (3 gives the same W[J]. However, this is not the case 
for M ^ 0. 



Next, we consider the average of the operator G: 
(ff{x)) = Z- 1 [ V^VtfVtfV^e iS ™™@( x ^ (BIO) 



where Z := Z[J = 0]. The /3-derivative is given by 



^(ff(x)) = (ff(x);i 



as: 



mYM 



d/3 



(Bll) 



where we have defined the connected expectation value 
(A; B) := (AB) - (A)(B). Even if the operator 6 is mod- 
ified BRST invariant, i.e., 8' ' G — 0, the average (&{x)) 
depends on j3 for M/0: 

j£(0(x)) =i^M 2 J d D y(0{x);i<i{y)-<g{y)) * 0. 

(B12) 

Thej3 dependence of the CF model was pointed out also 
in [34| using different arguments. 
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